Enzymatic hydrolysis and base analysis by high performance liquid chromatography showed that mouse satellite DNA had 30-501 less 5-methylcytosine in sperm than in somatic tissue (1.59 mols Z vs 2.40-3.11 mols Z). Maxam-Gilbert sequencing and analysis of the intensity of the cytosine bands indicated that the level of methylation of the eight CpGs of the consensus sequence in sperm satellite DNA ranged from 0 to about 50Z, considerably lower than the levels reported in somatic tissues. The Mnll site containing one of these CpGs was cut much more extensively in satellite DNA from sperm than from liver, confirming the undermethylation of this site In sperm DNA.
INTRODUCTION
Satellite DNAs are highly repetitive sequences which are found in the genomes of most eukaryotlc organisms. In the mouse, about 8Z of the genome consists of a light satellite DNA made up of more than a million tandemly repeated copies of a slightly variable 234 base-pair unit whose consensus sequence has been determined by Maxam-GIlbert sequencing of the satellite fraction from somatic cells (1, 2) .
Satellite DNAs from somatic cells of a number of organisms are more highly methylated than the rest of the DNA. This has been shown in the human (3, 4) , higher primates (5, 6) , bovidae (7) and other vertebrates, including the mouse. The consensus sequence of mouse somatic satellite DNA contains eight CpG dinucleotides, seven of which are estimated, from Maxam-Gilbert sequencing gels, to be methylated in 8O-9OZ of the repeat units, while the eighth, at position 205 in the sequence, is methylated in about one-half of the repeats (1, 2) . No sites of methylation other than CpG are found. This provides an estimate of 2.4-2.9 raol percent 5-methyIcytosIne, which agrees well with the values (2.6-3 mol percent) obtained from somatic DNAs by different chemical methods (8) (9) . These levels are approximately threefold higher than those found In the rest of the mouse DNA from various types of somatic murine cell populations (10) .
Although the consensus sequence of the mouse major satellite does not contain a Hpall or Mspl site, Mspl does cleave mouse satellite DNA into an orderly ladder of multimeric repeat units (11) . These occasional Mspl sites are presumably due to mutation from A to C at position 33 of the consensus sequence, producing a CCGG. Most of the Mspl sites in somatic cell satellite DNA are not cut by Hpall, because they are methylated at the Internal cytosine (11) . Hpall cleaves about 33Z more sites in satellite DNA from sperm and other cells of the male germ line than it does in that from somatic cells, suggesting that mouse satellite DNA is underraethyla ted in the male germ line (12, 13) .
We have confirmed and extended these findings using three different approaches. First, we have examined the extent of cleavage with the restriction endonuclease Mnll, which has a single CpG me thy lation-sens 11ive site in most repeat units (1) . Unlike the Hpall site, this site is present in the consensus sequence, not Just in a small percentage of clustered repeats. It is therefore more representative of the majority of the satellite DNA repeats. Second, we have used high performance liquid chromatography (HPLC) to extend our observations to the overall methylation of satellite DNA. Finally, we have used Maxam-Gllbert sequencing (14) to determine the amount of undermethylation at the eight CpG sites in the consensus sequence of sperm satellite DNA. Our results allow us to quantitate more accurately the levels of undermethylation of the satellite DNA in male germ cells in the mouse and to examine the pattern of underlie thylation at different sites within the consensus sequence.
MATERIALS AND METHODS
Isolation of DNA DNA was isolated from various tissues of randomly bred Swiss male mice essentially as described (15) . Sperm were isolated by mincing epididymides and allowing the sperm to swim out. The sperm fraction was estimated microscopically to be over 95X pure. Treatment with 1Z Sarkosyl was used to eliminate the remaining somatic cells (16) . The sperm cells were collected as a pellet and their DNA isolated by treatment with dithiothreitol, Pronase and phenol (17) .
Purification of Satellite DNA Satellite DNA was purified from main band DNA by lsopycnic centrifugation using Hoechst 33258 and a cesium chloride density gradient (18) . As expected (19) , sperm and testls satellite DNA did not separate as well from the main band DNA as the highly methylated satellite of somatic tissues did. Therefore, two sequential purifications on Hoechst 33258-cesium chloride gradients were used routinely.
Restriction and Sequencing of DNA Satellite DNA was digested with Sau96I or Mnll (New England BloLabs) as recommended by the supplier. The DNA fragments were fractionated on a 6Z acrylamide gel. The monomer size Sau96I fragments were recovered from the gel as described (20) A DNA-HindHI fragments (7) and <t-X 174 RF DNA-Haelll fragments (8) . 6Z polyaerylamide gel, ethidium bromide stain.
RESULTS
Sau96I digestion of satellite DNA from mouse sperm or liver produced primarily 234 bp monomers and decreasing amounts of diners, trimers and multimers ( Figure 1, lanes 1,2) . Mnll digestion of sperm satellite DNA also produced a regular ladder of fragments, with fewer monomers and more higher multimers ( Figure 1, lane 4) . This suggests that unmethylated Mnll sites are distributed at random throughout most of the satellite sequences. Diners, trimers and tetramers were quite abundant, indicating that the Mnll site is unmethylated in a moderate percentage of the repeating units. Satellite DNA from liver was cut much legs extensively by Mnll (Figure 1, lane 3) . The same sizes of fragments were produced, but most of the fragments were in the very high molecular weight classes. Thus, the Mnll site in satellite DNA is methylated in significantly more of the repeating units in liver than in sperm.
The estimate of overall cytosine methylation derived from high performance liquid chromatography analysis of the mouse satellite DNA from various tissues is shown in Table 1 .
Complete methylation of all eight CpG sites In the consensus sequence of the 234 base pair monomers of satellite DNA would give 3.4 mols percent of 5-methyIcytoslne (8/234). With 1.59 mol percent 5-methy Icytosine, satellite DNA from sperm was slightly less than 50Z methylated whereas satellite DNA from somatic cells ranged from 7OZ methylated (liver and heart) to 90Z methylated (lung). These data Indicate that the level of overall methylation of satellite DNA is 3O-5OX lower in mouse sperm than in somatic tissues. As expected, the level of cytosine methylation was higher in the satellite DNA than it was in the main band DNA from the same tissue (Table 1) (2) 12 (5) 12 (4) 20 (4) 12 (2) 23 (3) 18 (3) (2) 18 (2) 13 (2) 12 (2) 19 (4) 11 (4) 13 ( for the cytosine at position 119 ( Table 2 ). The average level of methylation at the eight CpG sites in sperm estimated in this way was about 301, which is somewhat lower than that based on HPLC data. An analysis of variance indicates that there may be significant differences between the levels of methylation at different positions in the repeating sequences (p<.02 for the fast strand), but the data are too variable for the slow strand or between strands to establish this point or to confirm that there is equal methylation of both strands at each site, as expected from the general symmetry of DNA methylation. Satellite DNA is undermethylated in germ cells of mammals other than the mouse. Bovine satellite I DNA in sperm is methylated to only one-tenth the level found in calf thymus (27) . The highly repetitive (cot _< 0.05) DNA which makes up 15Z of the total human DNA is less methylated in sperm than in somattc tissue (21, 28 ) and a Y-specific fraction of human satellite I DNA is less methylated in sperm than in somatic cells (29) . It is still not known whether gamete-associated hypomethylation of satellite sequences reflects a special role for satellite DNA in the germ line and early embryonic tissue or is simply an epiphenomenon. Transcription of the major satellite sequences has not been observed (12) , but it has not been ruled out conclusively.
